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1. Introduction
Despite significant benefits of Mg alloys such as 

low density and high specific strength, challenges 
like poor stability of microstructure at high tem-
peratures and insufficient mechanical properties 
as well as low corrosion resistance, restrict their 
wide implements [1–4]. Incorporation of alloying 
elements will alter the microstructure of Mg alloys 
in terms of grain size as well as secondary phase 
size, distribution and morphology. Such character-
istics can be remarkably changed and controlled by 
utilizing heat treatment. Furthermore, it has been 
widely reported [5,6] that thermal stability of Mg-
based alloys can be significantly improved with the 

addition of alloying elements [7,8]. Among differ-
ent alloying elements, yttrium [9] and calcium [10] 
are the two mostly used elements to promote the 
thermal stability of Mg alloys. It is suggested that 
these elements can improve the microstructural 
stability through grain refinement and precipita-
tion of Ca- and Y-containing particles [10]. In ad-
dition, Y and Ca can have profound effects on the 
corrosion resistance of Mg alloys. Subsequent heat 
treatment can alter the degradability of such Mg 
alloys [11].

In addition to microstructural stability, Ca and 
Y have been extensively utilized to enhance the 
bioperformance of Mg implants. Ca, as the main 

Y and Ca are two alloying elements which are being extensively used to enhance different properties and address 
the challenges of biodegradable Mg alloys. In this study, the efficiency of Y and Ca for improving microstructure 
stability during high-temperature solution treatment was assessed and compared by studying the microstructure 
as well as the mechanical and degradation properties of Mg–1wt%Y and Mg–1wt%Ca alloys. X-ray diffraction and 
field emission scanning electron microscopy studies demonstrated presence of Mg24Y5 and Mg2Ca particles in Mg–1Y 
and Mg–1Ca alloys, respectively. In addition, the Mg–1Y alloy witnessed a significantly higher level of grain growth 
in comparison with Mg–1Ca alloy. The results of shear punch test and hardness experiments demonstrated greater 
mechanical strength perseverance of Ca-incorporated alloy as the result of the presence of Mg2Caphase as well as the 
finer microstructure. Accordingly, it can be pointed out that Ca is a more suitable element for stabilizing the micro-
structure of Mg-based alloys at high temperatures in comparison with Y. On the other hand, the hydrogen evolution 
test in phosphate-buffer saline (PBS) solution showed that Y-incorporated alloy possessed higher corrosion resistance. 
Also, reducing the micro-galvanic corrosion effects by long-term annealing in high temperatures can be an effective 
approach to enhance the degradability of both alloys, where the best corrosion resistance was observed in annealed 
Mg–1Y alloy.
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bone component, can decrease the grain size of Mg 
alloys, and consequently, improve the degradation 
resistance and mechanical strength [12,13]. Y has 
been introduced as one of the interesting alloying 
elements for Mg alloys, where a tailored addition 
of Y in Mg has shown no sign of cytotoxicity, and 
more importantly, can significantly improve the 
degradation resistance by forming a Y-rich com-
pact protective layer on the surface of the implant 
[14]. 

Ca- and Y-incorporated Mg alloys demonstrate 
significantly different properties in different as-cast 
and heat-treated conditions. In this regard, differ-
ent heat treatment times and temperatures have 
been studied to find the optimum [1]. It has been 
reported [14] that heat treatment of Mg-2Ag-1Y 
alloy at 450 ℃ for 8 h can cause a significant re-
duction in the volume fraction of precipitates, and 
also lead to the formation of a uniform compact 
Y-rich protective corrosion film. Whereas this alloy 
in as-cast condition with concentrated Y element 
in precipitates suffered from Y depletion beneath 
the protective film, the existence of the Y in solu-
tion state resulted in the formation of a uniform 
film, which led to higher corrosion resistance [14]. 
Therefore, heat treatment plays an important role 
in controlling the microstructure and properties of 
such alloys. 

There has been extensive research on Mg–Ca 
and Mg–Y alloys as biodegradable Mg alloys. Al-
though as biodegradable implants these alloys 
never experience temperatures higher than 37 °C, 
during the fabrication steps, they might be exposed 
to long-term heat treatments at elevated tempera-
tures (such as solution treatment), where the sta-
bility of microstructure and mechanical properties 
seems vital and can alter the properties. According-
ly, in this investigation, it was tried to compare the 
effect of 1 wt% addition of Y and Ca on the micro-
structural stability as well as the mechanical prop-
erties and corrosion behavior of Mg.

2.  Materials and methods
Mg–1wt%Y and Mg–1wt%Ca alloys were cast 

using pure Mg, Mg-25Y master alloy and pure Ca, 
where details of this process is given elsewhere 
[15]. The chemical composition of the alloys was 
analyzed by employing the atomic absorption spec-
troscopy (AAS) test, the corresponding results of 
which are presented in Table 1. It can be deduced 
that evaluated compositions of the as-cast alloys are 
intimate to the nominal ones. To assess the thermal 
stability of alloys, samples with a protective coating 
to avoid oxidation, were heat treated at 400 ℃ for 4, 
24 and 96 h, followed by a water quenching at room 
temperature.

The microstructure of the prepared alloys was 
studied by grinding and polishing with subsequent 
etching process a picral solution (2.5 mL acetic acid 
+ 0.4 gr picric acid + 6 mL ethanol + 2 mL distilled 
water). The ImageJ software was employed to cal-
culate the average grain size of the studied alloys, 
according to ASTM E112 standard. X-ray diffrac-
tion (XRD) to determine presented phases, field 
emission scanning electron microscopy (FESEM) 
as well as the energy dispersive spectroscopy (EDS) 
techniques for further microstructure characteriza-
tion were implemented.

Vickers hardness and shear punch testing (SPT) 
methods were carried out to evaluate mechanical 
properties of the alloys. Details of the SPT tech-
nique, as a suitable approach to examine the me-
chanical properties of scarce materials, are given 
elsewhere [16]. In this method, the applied load 
was determined automatically as a punch displace-
ment function, where the shear stress (τ) was calcu-
lated utilizing the below equation [17,18]:

𝜏𝜏 = 𝑃𝑃
𝜋𝜋𝜋𝜋𝜋𝜋                                                                                                              (1)                                                                      (1)

 
where t is the specimen thickness, P is the punch 
load, D represents the average of the punch and die 
diameters. The mechanical experiments were car-

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1- The AAS test result, showing the actual chemical compositions of Mg–1Y and Mg–1Ca alloys
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ried out on three different specimens of each con-
dition to ensure the validity of results.

To study the effects of Ca and Y addition on 
degradation behavior of Mg, in as-cast and 96-an-
nealed conditions, hydrogen evolution test was per-
formed. This test is believed to be an efficient and 
simple approach to evaluate the long-term degrad-
ability of Mg alloys [19]. For this purpose, 10 × 10 
× 10 mm samples were cold-mounted and ground 
by 3000 grit SiC papers, followed by an immersion 
in phosphate buffer saline (PBS) solution at 37 ± 
0.5 ℃ for up to 11 days. The volume of evolved 

hydrogen bubbles during the immersion time was 
calculated and plotted. To ensure the reproducibil-
ity of data, each test was conducted at least three 
times. Fig. 1 illustrates a schematic of the hydrogen 
evolution setup.

3. Results and discussion
3.1. Microstructural evolution

Fig. 2 depicts the optical microstructure of Mg–
1Y and Mg–1Ca alloys in the as-cast and annealed 
conditions. Dendritic microstructure can be noted 
in as-cast alloys, which gradually disappeared with 

 

Fig. 1. Schematic illustration of the hydrogen evolution test [14]. 

 

 

 

 

 

 

 

 

 

Fig. 1- Schematic illustration of the hydrogen evolution test [14].

 

Fig. 2. Optical micrographs of the Mg–1Y and Mg–1Ca alloys in the as-cast and annealed (400 
°C for 4, 24 and 96 h) conditions.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 2- Optical micrographs of the Mg–1Y and Mg–1Ca alloys in the as-cast and annealed (400 °C for 4, 24 and 96 h) conditions. 
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increasing the annealing time. As can be observed, 
the degree of grain growth is more pronounced in 
Y-containing alloy rather than the Ca-incorporated 
one, indicating the more significant influence of Ca 
in restricting the growth of grains. The grain size 
data of studied alloys in different conditions are 
given in Table 2. Accordingly, once Mg–1Y and 
Mg–1Ca alloys were annealed 96 h at 400 ℃, their 
average grain size of increased by 199 µm and 65 
µm, respectively.

Distinct behavior in thermal stability of the 
studied alloys can be linked to the microstructure 
and phase constituents of these alloys. As XRD pat-
terns demonstrate in Fig. 3, in addition to the α-Mg 
peaks which present in both alloys, Mg24Y5 as well 
as Mg2Ca phases are detected in as-cast Mg–1Y 
and Mg–1Ca alloys, respectively. However, while 
Mg24Y5 peaks were eliminated after annealing, in-
dicating dissolution of this phase, the Mg2Ca peaks 
were still presented in Mg–1Ca alloy, implying that 
this phase is stable after annealing. It has been re-
ported that Mg2Ca phase is the most stable com-

pound in Mg–Ca alloys [20], and also, this phase 
possesses excellent thermal stability against grain 
coarsening [21], even superior than Mg2Sr phase 
in Sr-containing Mg alloys, which are known to 
exhibit good microstructural stability in high tem-
peratures [6]. 

In concordance with XRD analysis experiment, 
SEM analysis shows that in as-cast Mg–1Y alloy, 
some Mg24Y5 particles can be detected. Similarly, 
Ca-containing particles of Mg2Ca are accommo-
dated in the microstructure of Mg–1Ca alloy. As 
is evident, whereas secondary phases were com-
pletely dissolved after annealing at 400 ℃ for 96 h 
in Mg–1Y alloy (Fig. 4d), as was suggested in Ref 
[22], where all Y-containing precipitates including 
Mg24Y5 phase were dissolved in Mg-2Y alloy after 
heat treatment at 400 ℃, a considerable number of 
Ca-rich particles were still remained in Ca-incor-
porated alloy (Fig. 4c and e). Regarding EDS anal-
ysis result exhibited in Fig. 3f, it can be suggested 
that Mg2Ca phase is stable after annealing, which is 
the main contributor to the enhanced thermal sta-

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. XRD patterns of the Mg–1Y and Mg–1Ca alloys in as-cast and annealed (96 h at 400 °C) 
conditions. 

 

 

 

 

 

 

 

 

 

 

Fig. 3- XRD patterns of the Mg–1Y and Mg–1Ca alloys in as-cast and annealed (96 h at 400 °C) conditions.

Table 2- Grain size data of the studied alloys in the as-cast and annealed (different times) conditions
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bility of Mg–1Ca alloy compared to Mg–1Y alloy. 
3.2. Mechanical properties

Such differences between microstructural stabil-
ity of the studied alloys should be reflected in their 

mechanical properties. According to Fig. 5, the dis-
solution of precipitates as well as grain growth led 
to lower values of the ultimate shear strength (USS) 
of annealed alloys. However, Mg–1Ca alloy wit-

 

Fig. 4. FSEM micrographs of Mg–1Y (a,d) and Mg–1Ca (b,c,e) alloys in as-cast (a,b) and 
annealed (c,d,e) conditions, as well as the corresponding EDS line scan results of (c). 

 

Fig. 5. SPT diagrams of Mg–1Y (a) and Mg–1Ca (b) alloys in as-cast and annealed (96 h at 400 
℃) conditions. Summary of the USS values are presented in (c). Also, variations of hardness 

with annealing time (at 400 ℃) are shown in (d). 

 

 

 

 

 

 

Fig. 5- SPT diagrams of Mg–1Y (a) and Mg–1Ca (b) alloys in as-cast and annealed (96 h at 400 ℃) conditions. Summary of the USS 
values are presented in (c). Also, variations of hardness with annealing time (at 400 ℃) are shown in (d).

Fig. 4- FSEM micrographs of Mg–1Y (a,d) and Mg–1Ca (b,c,e) alloys in as-cast (a,b) and annealed (c,d,e) conditions, as well as the 
corresponding EDS line scan results of (c).
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nessed considerably a lower level of softening after 
annealing treatment in comparison with Mg–1Y 
alloy, where the USS value for the former decreased 
from 114.5 MPa to 110.4 MPa, the latter’s declined 
from 109.6 MPa to 96.7 MPa. Furthermore, a sim-
ilar trend was observed in the Vickers microhard-
ness variation with annealing treatment time (Fig. 
5d). As can be noted, the rate of hardness loss is 
noticeably faster in Y-containing alloy than the 
Ca-incorporated one. This can be attributed to the 
remarkable grain growth and thorough dissolution 

of precipitates like Mg24Y5 in Mg–1Y alloy. On the 
contrary, grain growth was less severe in Mg–1Ca 
alloy. Also, the Ca-rich secondary phases such as 
Mg2Ca exhibited adequate stability and were not 
eliminated by high temperature annealing.

3.3. Degradation behavior
Hydrogen evolution test results are exhibited in 

Fig. 6. As can be observed, after 264 h of immer-
sion in PBS, the Mg–1Y alloy outperformed the 
Mg–1Ca alloy in terms of degradation rate. Addi-

 
Fig. 7. Schematic illustration of the corrosion mechanism in Mg–1Ca and Mg–1Y alloys in as-

cast and 96 h annealed conditions. 

 

                                 

                               

                                    

                       
                                 

              

                    

                                                   

Fig. 7- Schematic illustration of the corrosion mechanism in Mg–1Ca and Mg–1Y alloys in as-cast and 96 h annealed conditions.

 

Fig. 6. Hydrogen evolution results for the investigated alloys in both as-cast and annealed 
(96 h at 400 ℃) conditions. 

 

 

 

 

 

 

Fig. 6- Hydrogen evolution results for the investigated alloys in both as-cast and annealed (96 h at 400 ℃) conditions.
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tionally, the annealed alloys showed significantly 
lower degradation rates in comparison with the 
as-cast materials, where the annealed Mg–1Y alloy 
demonstrated the best performance. Also, while a 
relatively stable and uniform degradation behavior 
can be noted in annealed alloys, the as-cast ones 
experienced abrupt changes in the slope of their 
hydrogen evolution curves, implying their higher 
susceptibility to corrosive medium.   

Y is believed to be an effective alloying ele-
ment to enhance the corrosion resistance of Mg 
alloys, where it can be incorporated into the cor-
rosion film and form a protective corrosion layer 
[23,24]. Incorporation of 1 wt% Y in biodegrad-
able Mg–2Ag alloy caused the formation of a thin 
Y-rich protective corrosion film, which remarkably 
improved the corrosion resistance [14]. Owing to 
the equal standard potential of Y with Mg, the tai-
lored addition of Y in Mg would not cause severe 
micro-galvanic corrosion. On the other hand, Ca-
rich secondary phases together with the dendritic 
microstructure of Mg–1Ca as-cast alloy led to a 
higher degradation rate as the result of consider-
able micro-galvanic corrosion between Mg matrix 
and Ca-containing precipitates. Dissolving such 
precipitates during annealing at elevated tempera-
tures can noticeably decrease the corrosion rate 
[1]. In this regard, the annealed alloys suffer less 
from micro-galvanic corrosion, and thus, possess 
higher corrosion resistance. The thorough disso-
lution of secondary phases in Mg–1Y alloy would 
form a uniform Y-containing corrosion film, which 
is not disturbed by micro-galvanic couples and 

Y-depletion beneath the corrosion film. Although 
96 h annealing decreased the volume fraction of 
secondary phases, some precipitates still existed 
in the annealed Mg–1Ca alloy (Fig. 4e), which can 
deteriorate the corrosion resistance. The corrosion 
mechanism of the studied alloys is schematically 
depicted in Fig. 7.

4.  Conclusions
Thermal stability efficiency of Y and Ca, as two 

important alloying elements for Mg alloys, as well 
as their corrosion behavior were compared and fol-
lowing remarks were obtained:

1) Mg24Y5 and Mg2Ca phases were detected in 
Mg–1Y and Mg–1Ca alloys, respectively. While 
the former dissolved by annealing at 400 ℃ as the 
result of its insufficient thermal stability, the latter 
remained. Accordingly, Mg–1Ca alloy showed a 
lower level of grain growth than Mg–1Y alloy. 

2) The superior microstructural stability of 
Mg–1Ca alloy in comparison with Mg–1Y alloy 
was reflected in mechanical properties, where the 
Mg–1Ca alloy sustained its strength and hardness 
against softening during exposure to elevated tem-
perature much better than the Mg–1Y alloy. 

3) Y-incorporated Mg alloy exhibited high-
er corrosion resistance than Mg–1Ca alloy. Also, 
long-term annealing can significantly improve the 
degradation resistance of Mg–1Ca and Mg–1Y 
alloys, where the better performance of the latter 
can be attributed to the formation of a thin Y-rich 
corrosion film, which can prevent corrosion prop-
agation.
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